Abstract Cardiovascular disease is a major cause of morbidity, disability, and mortality in kidney transplant patients. Cumulative reports indicate that the excessive risk of cardiovascular events is not entirely explained by the increased prevalence of traditional cardiovascular risk factors. Atherosclerosis is a chronic inflammatory disease, and it has been postulated that posttransplant immune disturbances may explain the gap between the predicted and observed risks of cardiovascular events. Although concordant data suggest that innate immunity contributes to the posttransplant accelerated atherosclerosis, only few arguments plead for a role of adaptive immunity. We report and discuss here consistent data demonstrating that CD8 þ T cell activation is a frequent posttransplant immune feature that may have pro-atherogenic effects. Expansion of exhausted/activated CD8 þ T cells in kidney transplant recipients is stimulated by several factors including cytomegalovirus infections, lymphodepletive therapy (e.g., antithymocyte globulins), chronic allogeneic stimulation, and a past history of renal insufficiency. This is observed in the setting of decreased thymic activity, a process also found in elderly individuals and reflecting accelerated immune senescence.
Introduction
Kidney transplant patients experience accelerated atherosclerosis. An increased prevalence of posttransplant traditional cardiovascular risk factors and the consequences of pretransplant uremia-associated cardiovascular changes are the main explanations for an excess of atherosclerotic events. 1, 2 Whether specific transplant-related immunological factors also participate in posttransplant atherosclerosis is a matter of debate. However, atherosclerosis is an inflammatory disease and some immunological factors have been associated with cardiovascular events in both the general and transplant populations. [3] [4] [5] [6] [7] Nevertheless, most of them concern innate immunity and scarce data support an association between posttransplant adaptive immune responses and atherosclerosis. 8, 9 We present in this review consistent published and unpublished data suggesting that CD8 þ T cell activation is frequent posttransplant and might contribute to the so-called posttransplant accelerated atherosclerosis. We discuss also the different factors involved in CD8 þ T cell activation of renal transplantation.
Role of CD8 þ T Cells in Experimental Atherosclerosis
Both innate and adaptive immune responses are critical determinants of atherosclerotic lesion formation and growth. [10] [11] [12] [13] Whereas both CD4 þ and CD8 þ T cells are present in human atherosclerotic lesions, most studies have focused on CD4 þ T cells. Nevertheless, the role of cytotoxic CD8 þ T cells in atherosclerotic lesion development is increasingly recognized. 14 First, some studies linked increased CD8 þ T cell infiltration in atherosclerotic plaques with atherosclerosis progression in animal models, 15, 16 but animal models failed initially to demonstrate direct evidence of their involvement in atherosclerosis. 17, 18 It was admitted that the absence of CD8 þ T cells in atherosclerotic plaques was compensated by other pro-inflammatory T cell types. More recently, Kyaw et al. 19 shed new light on the role of CD8 þ T lymphocytes in experimental atherosclerosis. They reported that CD8 þ Tlymphocyte depletion by anti-CD8a or CD8b monoclonal antibody (mAb) in apolipoprotein E-deficient (ApoE -/-) mice (i.e., mice prone to develop atherosclerosis) reduced atherosclerosis. Accordingly, transfer of CD8 þ T cells into lymphocyte-deficient ApoE -/-mice was associated with a CD8 þ T-cell infiltration and increased lipid and macrophage accumulation in atherosclerotic lesions. Transfer of CD8 þ T cells deficient in perforin, granzyme B, or tumor necrosis factor a (TNF-a)-but not the transfer of CD8 þ T cells deficient in interferon g (IFN-g)-failed to increase atherosclerotic lesions. 19 These results suggest that the inflammatory cytokine TNF-a plays a major role in CD8 þ T-cell-dependent atherosclerosis. Despite the absence of CD8 þ T-cell-derived IFN-g involvement in the atherosclerosis progression in these ApoE -/-mice, 19 the importance of T-cell-derived IFN-g in the pathogenesis of posttransplant accelerated atherosclerosis has been repeatedly shown after mouse heart transplantation. [20] [21] [22] Indeed, coronary atherosclerosis, a complication observed after allogeneic heart transplantation, is prevented by the persistent treatment with an anti-IFN-g mAb. 20 Similar results have been obtained when IFN-g-deficient mice are used as heart recipients. 21, 22 In addition, the cytotoxic functions of CD8 þ T cells mediated by perforin and granzyme B are implicated in atherosclerosis progression perhaps through the generation of apoptotic cells and necrotic cores within atherosclerotic lesions/plaques.
Cochain et al. 23 suggested that CD8 þ T cells promote atherosclerosis by controlling monopoiesis and circulating monocyte levels, which ultimately contributes to plaque macrophage burden without affecting direct monocyte recruitment. CD8
þ T cells could, in addition, potentiate systemic and vascular inflammation through the secretion of pro-atherogenic cytokines. For instance, CD8
þ T cells were shown to highly secrete IFN-g in aortic root-draining lymph nodes of hypercholesterolemic mice 24 and TNF-a secretion after CD8 þ T-cell transfer is required for atherosclerotic lesions in lymphocyte-deficient ApoE -/-mice. 19 However, the role of CD8 þ T cells is not unambiguous. Clement et al. 25 recently showed increased frequencies of follicular helper T cells and germinal center B cells in ApoE -/-mice, whereas CD8 þ regulatory T cell (Treg) levels were reduced. Genetic disruption of CD8 þ Treg functions was associated with an expansion of the follicular helper T-cell and germinal center B cell compartments, enhanced immunoglobulin G deposition in atherosclerotic plaques, and larger atherosclerotic lesions. 25 These results suggest that CD8 þ Tregs may offset the pro-atherogenic germinal center B-cell activation by follicular helper T cells during atherogenesis. Moreover, the pro-versus antiatherogenic properties of CD8 þ T cells may depend on their activation stage (naive versus activated CD8 þ T cells) or on particular CD8 þ T-cell subsets (e.g., CD8
þ Treg).
Role of CD8 þ T Cells in Human Atherosclerosis
This section focuses on data supporting the role of CD8 þ Tcell activation in human atherosclerosis, excluding data obtained in renal transplantation settings (please see next section). Several large studies have demonstrated that HIV-infected patients have a 1.5-to 2-fold higher risk of developing cardiovascular diseases, such as acute myocardial infarction (AMI), cerebral ischemia, and peripheral artery disease. [26] [27] [28] [29] An increase in T-cell activation is observed in HIV-infected patients, even in those with a controlled/suppressed viral load. 30 Cardiovascular disease is likely to be, at least in part, related to the increased proportion of activated T cells and the resulting systemic and local inflammation. 30 Indeed, concordant studies have reported an association between activated CD8 þ T cells (exhibiting either a CD38 þ or CD28 À CD57 þ phenotype) and subclinical atherosclerosis. [31] [32] [33] [34] Additionally, CD8 þ T-cell count has been recently associated with the risk of AMI in HIVinfected patients. 35 In this study including 73,398 patients, high baseline CD8 þ T-cell counts (>1,065 cells/mm 3 ) doubled the risk of AMI. 35 Similarly, a low CD4/CD8 ratio has been associated with coronary artery disease in HIVinfected patients. 36 The potential role of CD8 þ T-cell expansion in atherosclerosis has been also described in some studies concerning non-HIV-infected patients. Senescent CD8 þ T cells are predictors of overall cardiovascular mortality as well as death from myocardial infarction and stroke in octogenarians. 37 Kolbus et al. 38 reported an association between IFN-g þ CD56 À CD8 þ T cells and carotid stenosis in the general population. However, higher frequencies of circulating interleukin (IL)-6Ra low effector memory CD8 þ T cells were observed in patients with acute coronary syndrome. This subset has high cytotoxic capacities and correlates with terminally differentiated CD57
þ T cells. 39 The high cytotoxic capacities of these CD8 þ T cells may confirm the significant reduction of atherosclerotic lesions in CD8 þ T-lymphocytedeficient ApoE -/-mice after adoptive transfer of CD8 þ T cells deficient in perforin or granzyme A, 19 as discussed above. The discrepancies between the large number of studies reporting an association between immune activation and atherosclerosis in HIV-infected patients and the scarce reported data in other patients may be explained by the requirement of a significant immune activation to promote atherosclerosis. For readers who are not familiar with CD8 þ T-cell activation phenotypes, we recommend the following review dealing classical markers used to delineate T-cell subsets. 40 Briefly, progression from a naive stage to an effector memory phenotype is denoted by the extinction of CD28 expression, and expression of the CD57 marker on T cells reflects a terminal differentiation phase. Another alternative explanation for these discrepancies is the lack of searching for this association between immune activation status and accelerated atherosclerosis. Of note, hypertension, the most frequent risk factor for cardiovascular disease, has been associated with an increased frequency of senescent proinflammatory CD8 þ T cells. 41 Future research should investigate whether immune activation plays a role in atherogenesis in the general population and in specific groups of patients. A recent publication studies this association between CD8
þ T-cell activation and cardiovascular diseases in rheumatoid arthritis (RA) patients. 42 The authors show that RA patients with coronary artery calcification (CAC) (i.e., those with an increased risk of subclinical coronary artery disease) had higher percentages of the CD8 þ T-cell subsets with an activation status (human leukocyte antigen-
þ T cells compared to RA patients without CAC. Thus, development of subclinical atherosclerosis, defined by the presence of CAC, in RA patients is significantly and separately associated with an elevated percentage of circulating activated/exhausted CD8 þ T cells. These associations are independent of traditional cardiovascular risk factors and other RA clinical characteristics and treatments. 42 Increased levels of CD8 þ T-cell subsets characterized by the expression of CD57 and loss of CD28 have been similarly associated with atherosclerosis and coronary artery disease in the general population. 43 This provides an additional argument for searching for this association between CD8 þ T-cell activation and accelerated atherosclerosis. Now, we will evoke how data associating CD8 þ T-cell activation and atherosclerosis in HIV patients, in patients suffering from autoimmune/chronic inflammatory diseases, or in the general population could be transposed in renal transplant recipients.
Chronic T-Cell Activation After Kidney Transplantation as a Factor Propagating Atherosclerosis
As suggested above, a significant level of CD8 þ T lymphocyte activation is probably required to induce vascular damage. A key point is to establish whether this condition is observed in renal transplant patients. In fact, different factors contribute to chronic/persistent T-cell activation after transplantation. These factors will be evoked below. This includes at least cytomegalovirus (CMV) infection, lymphodepletive therapies (particularly in the setting of thymic involution and aging which impairs naive T-cell reconstitution), allogeneic stimulation (by the grafted kidney), and a past history of renal insufficiency (Fig. 1) .
CMV Infection, Chronic T-Cell Activation, and Atherogenic Effects
Compelling data suggest that the pro-atherogenic effects of CMV are due to the cellular immune response directed against CMV and not to CMV infection per se. Hsue et al. 46 reported that CMV-specific T-cell responses were independently associated with carotid intima-media thickness in patients with HIV infection. The same group recently reported that the progression of atherosclerosis in HIVinfected patients is associated with a high frequency of CMV-specific CX3CR1 þ CD4 þ T cells. 47 Furthermore, these cells may induce endothelial cells to secrete CX3CL1, which itself drives the progressive infiltration of the arterial wall by pro-inflammatory cells and promotes atherosclerosis. Betjes et al. 48 ,49 also reported a strong association between CMV seropositivity, terminally differentiated CD4 þ T cells, and atherosclerotic disease in patients with end-stage renal disease (ESRD). Altogether, these studies demonstrate that cellular immune responses directed against CMV, at least CD4 þ T-cell responses, may contribute to atherosclerosis.
We recently reported that both CMV exposure and posttransplant CMV replication predicted cardiovascular events after kidney transplantation. 50 CMV infection is known to be associated with an accumulation of CD57 þ CD28 À T cells. 51 In our study, the frequency of terminally differentiated CD57 þ CD28 À CD8 þ T cells among all CD8 þ T cells gradually increased among the 3 groups, that is, patients who were CMV negative during the follow-up (6.1%), CMV-positive patients without replication after transplantation (13.8%), and those with CMV replication after transplantation (23.7%).
50 CMV-exposed patients also exhibited a significant systemic inflammation compared to CMV-naive patients. The cumulative incidence of atherosclerotic events increased gradually in the 3 groups described above. 50 All these data suggest that CMV-driven CD8 þ T-lymphocyte activation contributes to the posttransplant accelerated atherosclerosis.
Lymphodepletive Therapies as Factors Amplifying Chronic T-Cell Activation and Atherogenesis
Broad T-cell depletion by polyclonal antithymocyte globulins (ATG) has been used for many years as a part of immunosuppressive treatment in transplantation. These polyclonal antibodies are a complex mixture of antibodies with multiple specificities directed against both T and non-T cells, including thymic stromal cells. [52] [53] [54] They produce profound T-cell depletion 52, 53, 55 and induce persistent changes in T-cell subsets characterized by a low CD4 þ T-cell count and a CD8 þ T-cell expansion. 55 It has been reported that CD4 þ T cells are more sensitive to ATG-induced depletion than CD8 þ T cells. 56 The kinetics of reconstitution after lymphopenia are dependent on the considered T-cell subsets, with memory T cells expanding more rapidly than naive T cells and naive CD8 þ T cells undergoing faster proliferation rates than naive CD4 þ T cells. 56, 57 Havenith et al. 58 confirmed that CD8 þ T cells repopulate rapidly after lymphocyte-depleting treatment, whereas CD4 þ T-cell reconstitution is significantly delayed. The repopulating CD8 þ T-cell pool consists mainly of highly differentiated effector T cells. They observed a fast CD8 þ T-cell repopulation only in the CMV-positive but not in the CMV-negative patients. This rapid repopulation was even more pronounced in patients who developed CMV reactivation. 58 Thus, CMV infection appears to be a driving factor for T-cell repopulation following ATG treatment. Indeed, when analyzing CMV-specific CD8 þ T cells, they noticed a fast reemergence and ultimately accumulation of these cells. 58 T-cell reconstitution following a massive depletion-as observed after ATG-is based on 2 main pathways: thymopoiesis (i.e., the capacity of producing new T cells from hematopoietic stem cells in the thymus) and homeostatic proliferation expansion of residual host T lymphocytes that resist depletion. 59 Thus, the thymic function is critical for T-cell reconstitution following ATG. It is well-known that thymus involutes with age. Over the age of 45 to 50, thymic activity is reduced and naive T-cell recovery may take until 5 y after severe iatrogenic lymphopenia. 60 We previously identified the thymic activity at the time of kidney transplantation as a major factor predicting CD4 þ T-cell immune reconstitution after ATG administration.
9, 45 We did not study the role of thymic function on CD8 þ T cells. However, CD8 þ T cells expand faster than CD4 þ T cells after homeostatic proliferation with the acquisition of a memory phenotype. 61 We recently reported that late-stage differentiated CD8 þ T cells increased 1 y posttransplant in ATG-treated patients, while naive CD8 þ T cells significantly decreased. 44 These modifications were amplified in CMV-exposed patients. 44 All CD8 þ T-cell subsets remained unchanged in patients having received nondepleting anti-CD25 mAb induction therapy. 44 In this study, we also report that ATG and CMV stimulate immune senescence in kidney transplant recipients, as attested by different T-cell aging parameters, including T-cell receptor excision circle content, CD31 þ recent thymic emigrants (RTE), and decreased T-cell relative telomere length. 44 We also demonstrated that ATG is 
44
This results in a decreased number of recent thymic emigrants (RTE) and favors homeostatic proliferation of memory T cells and TEMRA. The latter phenomenon is amplified by cytomegalovirus (CMV) reactivation and allogeneic stimulation. The patient thymic activity is critical for T-cell reconstitution. 44, 45 associated with an increased incidence of atherosclerotic events. 62 To take into account the absence of randomization, we performed a propensity score analysis to address potential confounding variables by indication. Cox regression analysis revealed that ATG use was an independent risk factor for cardiovascular events. Results obtained in the propensity score-matched analysis recapitulated those obtained from the overall cohort. Because CMV infection amplifies CD8 þ T-cell activation in ATG-treated patients, we studied the effect of ATG on atherosclerotic events in CMV-naive and CMV-exposed patients. ATG was not associated with cardiovascular events in CMV-naive patients. By contrast, CMV-exposed patients who received ATG had an increased risk of cardiovascular events compared with those who did not receive ATG. 62 Interestingly, an increased incidence of cardiovascular mortality has been previously reported in ATG-treated renal transplant recipients. 63 Thus, lymphodepletive therapies, at least ATG, participate in amplified CD8
þ T-cell activation in part together with CMV-induced immune responses.
A Potential Role for Persistent Allogeneic Stimulation in Chronic T-Cell Activation and Atherogenesis
As described for viral antigens, repeated stimulation by graft-derived alloantigens could generate T-cell activation, chronic inflammation, and progression of atherosclerotic disease (Fig. 1) . We recently tested this hypothesis and observed a significant correlation between human leukocyte antigen mismatch numbers and circulating terminally differentiated CD57 þ CD28 À CD8 þ T cells. 64 Moreover, we also observed in a large cohort of renal transplant recipients (n ¼ 577) that the cumulative incidence of atherosclerotic events increased with the number of HLA mismatches (18%, 10%, and 5% in patients with 5-6, 3-4, and 0-2 HLA mismatches, respectively; P ¼ 0.012). HLA mismatch number was found to be an independent risk factor for atherosclerotic events in multivariate analysis. 64 This study suggests that HLA mismatches may cause chronic antigenic stimulation and favor both immune hyperactivation/exhaustion and atherosclerosis. Concordant with this hypothesis, a recent report by Opelz and Dohler 65 suggests a higher rate of cardiovascular death in renal transplant recipients receiving a kidney graft with more HLA mismatches.
Impact of a Past History of Renal Insufficiency on Chronic T-Cell Activation and Atherogenesis

Terminally differentiated CD28
À CD57 þ CD8 þ T cells are increased in patients with ESRD, 49 suggesting a premature aging of T cells in the setting of ESRD. We also observed that patients with stage IV chronic kidney disease (CKD) exhibit similar changes in T-cell phenotypes (Fig. 2, unpublished data) . This expansion is again mainly dependent on CMV seropositivity but is exacerbated in patients with CKD. Report by our group showed that CD8 þ T-cell expansion is not modified after successful kidney transplantation even with a long period and in patients receiving nondepleting anti-CD25 mAb. 44 Thus, ESRD-related T-lymphocyte activation persists after transplantation and may contribute to posttransplant inflammation.
Even if many factors may contribute to T-lymphocyte activation in kidney transplant patients, few data indicate that these patients exhibit increased levels of circulating activated CD8 þ T cells. The ratio of effector memory CD8 þ T cell/central memory CD8 þ T cell is increased in kidney transplant recipients as compared with patients on the waiting list. 66 Yap et al. 67 also observed a significant expansion of terminally differentiated effector memory CD8 þ T cells (TEMRA) in a significant subset of kidney transplant patients. Finally, we compared the frequencies of TEMRA in patients with ESRD, patients with stage IV CKD, kidney transplant recipients, and controls with normal kidney function. We observed a significant increase in TEMRA percentages in renal transplant patients as compared with controls with normal renal function (Fig. 2) . The frequencies of TEMRA were similar in patients with ESRD, those with stage IV CKD, and kidney transplant patients (Fig. 2) . Although these different studies do not establish a direct association between T-lymphocyte activation and atherosclerosis, it is remarkable to note that all factors associated with CD8 þ T-cell activation are themselves associated with atherosclerosis. 
CD28
À CD8 þ T cells (TEMRA) were compared in patients with end-stage renal disease (ESRD), those with stage IV chronic kidney disease (CKD), kidney transplant recipients, and controls with normal kidney function. We observed a significant increase in TEMRA in transplant patients as compared with controls with normal renal function. The frequencies of TEMRA were similar in patients with ESRD, those with stage IV CKD, and kidney transplant patients. CD8
þ T-cell subsets were analyzed on peripheral blood samples by flow cytometry as previously reported. 44 
Perspectives and Future Areas of Research
Compelling data suggest that CD8 þ T-cell activation contributes to the so-called posttransplant accelerated atherosclerosis. Future studies should investigate precisely the direct relationships between CD8 þ T-cell expansion and cardiovascular outcomes. Moreover, as different CD8 þ Tcell subsets seem to have opposite effects, better definitions of the clinical consequences of different CD8 þ T-cell phenotypes are required.
Therapeutic strategies limiting T-cell activation (avoidance of systematic use of lymphodepletive therapies, viral prophylaxis) should be tested, as well as their impacts on posttransplant outcomes. Considering the central role of CMV in T-lymphocyte activation, systematic prophylaxis in all CMV-seropositive patients has a central role to prevent posttransplant atherosclerosis. Alternatively, in HIVinfected patients, treatment with statins or aspirin resulted in a decrease in T-cell activation. 68, 69 An alternative elegant strategy could be to prevent Tlymphocyte activation occurring during reconstitution following T-lymphocyte depletion. It has been reported that administration of recombinant IL-7 expands RTE, whereas the proportion of senescent effector CD8 þ T cells decreases. 70 However, some doubts about a potentiation of alloimmune responses (i.e., directed against the grafted organ) may limit such therapeutic options. Indeed, we recently reported that higher RTE frequency may be predictive of acute kidney graft rejection. 45 Blocking effector T cell and/or enhancing Treg responses are new potential research directions. CD31 engagement decreases T-cell activation, and ApoE -/-mice treated with a CD31 receptor globulin had both reduced circulating activated T cells and atherosclerotic lesions. 71 Cell-based therapies, such as human monocyte-derived suppressive cells 72 or apoptotic cells, 73 may be an additional option to limit CD8 þ T-cell activation and favor the expansion of atheroprotective CD4 þ or CD8 þ Tregs. 72, 73 Such therapeutic approaches may offer the opportunity to control the immune part of the posttransplant accelerated atherosclerosis in addition to prevent graft rejection.
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